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The binding interactions of (2)-daunorubicin (WP900), a newly
synthesized enantiomer of the anticancer drug (1)-daunorubicin,
with right- and left-handed DNA, have been studied quantitatively
by equilibrium dialysis, fluorescence spectroscopy, and circular
dichroism. (1)-Daunorubicin binds selectively to right-handed
DNA, whereas the enantiomeric WP900 ligand binds selectively to
left-handed DNA. Further, binding of the enantiomeric pair to DNA
is clearly chirally selective, and each of the enantiomers was found
to act as an allosteric effector of DNA conformation. Under solution
conditions that initially favored the left-handed conformation
of [poly(dGdC)]2, (1)-daunorubicin allosterically converted the
polynucleotide to a right-handed intercalated form. In contrast,
under solution conditions that initially favored the right-handed
conformation of [poly(dGdC)]2, WP900 converted the polynucle-
otide to a left-handed form. Molecular dynamics studies by using
the AMBER force field resulted in a stereochemically feasible model
for the intercalation of WP900 into left-handed DNA. The chiral
selectivity observed for the DNA binding of the daunorubiciny
WP900 enantiomeric pair is far greater than the selectivity previ-
ously reported for a variety of chiral metal complexes. These results
open a new avenue for the rational design of potential anticancer
agents that target left-handed DNA.
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DNA is polymorphic and exists in a variety of distinct
conformations (1, 2). Duplex DNA can adopt a variety of

sequence-dependent secondary structures that range from the
canonical right-handed B form through the left-handed Z con-
formation. Multistranded triplex and tetraplex structures are
now known to exist. All of these unique conformations may play
important functional roles in gene expression. Consequently,
there is intense current interest in the design and synthesis of
small molecules that selectively target specific DNA structures,
to inhibit the biological function in which these particular
structures participate (3–10).

Enantiomers of chiral metal complexes have attracted consider-
able attention as potential structural probes of DNA conformation.
Norden and Tjerneld (11) first reported the preference of the D
enantiomer of Tris(dipyridyl)Fe(II) for right-handed B-form DNA.
The Barton laboratory subsequently developed an elaborate series
of chiral metal complexes, some of which were reported to recog-
nize specific DNA conformational features (for reviews, see refs.
12–14). A comprehensive review of the interaction of chiral metal
complexes with DNA (15) indicated, however, that the structural
selectivity of these agents is ambiguous in many cases.

We report here a dramatic and unambiguous example of
structural selectivity in DNA binding for the naturally occurring
anticancer agent (1)-daunorubicin and its novel (2)-
enantiomer, WP900 (Fig. 1). The synthesis of WP900 proved to
be demanding and required some 37 steps. We find that the
daunorubicinyWP900 enantiomeric pair can discriminate be-
tween right- and left-handed DNA, and that each compound can
act as an allosteric effector to convert DNA to a conformation
that binds each ligand with higher affinity. The structural
selectivities of daunorubicin and WP900 appear to be far greater
than those reported to date for any chiral metal compound. To
the best of our knowledge, there have been no other reports of

a detailed investigation of DNA binding for an enantiomeric pair
that does not involve a chiral metal complex.

Materials and Methods
Materials. Daunorubicin was obtained from Sigma and was used
without further purification. The concentrations of daunorubicin
solutions were determined by optical absorption at 480 nm by
using «480 5 11,500 M21zcm21. Calf thymus DNA (lot no.
27-4562-02) was purchased from Amersham Pharmacia and was
sonicated and purified as described earlier (16). [poly(dGdC)]2
(lot no. 5067910021) was purchased from Amersham Pharmacia.
All of the DNA samples were dialyzed into appropriate buffers
for at least 24 h. DNA concentrations were determined by UV
absorption by using molar «260 5 12,824 M21zcm21 and «254 5
16,800 M21zcm21 for calf thymus DNA and [poly(dGdC)]2,
respectively.

Synthesis of WP900. Synthesis of WP900, a left-handed (2)-
enantiomer of the natural product (1)-daunorubicin, was
achieved by multistep synthesis of an aglycon (2)-daunomyci-
none and the sugar moiety D-daunosamine, daunorubicin’s two
optically active components, and their subsequent stereoselec-
tive coupling. The aglycon (2)-daunomycinone with 7R,9R
configuration was prepared by using a modification of the
Swenton method (17), whereas D-daunosamine was synthesized
from D-galactose. Full details of the synthesis will be published
elsewhere.

Both (2)-daunomycinone and 4-O-acetyl-1-O-t-butyldimethylsi-
lyl-3-N-trifluroacetamido-D-daunosamine had [1H]NMR charac-
teristics and optical rotation that agree with the data reported for
natural daunomycinone and the analogously protected L-
daunosamine derivative. For the coupling reaction, 4-O-acetyl-1-
O-t-butyldimethylsilyl-3-N-trifluoroacetamido-D-daunosamine was
reacted with trimethylsilyl bromide to generate the glycosyl donor
4-O-acetyl-3-N-trifluoroacetamido-D-daunosaminyl bromide. Sub-
sequent coupling with (2)-daunomycinone was carried out in
CH2Cl2 solution in the presence of HgO and HgBr2 to give the a
anomer as a major product. In a two-step deblocking procedure, the
49-O-acetyl and N-trifluoroacetyl protecting groups were removed
by using NaOMe in MeOH and 1 M NaOH, respectively. The final
product (2)-daunorubicin (WP900) was purified as a free base by
column chromatography on silica gel 60 (EM Merck) by using
CHCl3, CHCl3yMeOH (98:2 volyvol), and CHCl3yMeOH (95:5
volyvol) as eluents. The purified WP900 was converted to the
hydrochloride by treatment with 1 M methanolic HCl solution and
precipitation with diethyl ether. The composition of the product
WP900 was confirmed by [1H]NMR and elemental analysis. The
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measured optical rotation for WP900 was [a]D
20 5 2251 6 4° (c 5

0.09, MeOH), whereas the reported optical rotation of (1)-
daunorubicin was 1248 6 5° (c 5 0.1, MeOH) (18).

Instrumentation. Absorbance spectra were recorded by using a
Cary–Varian (Palo Alto, CA) 3E UV–visible spectrophotometer
with 1-cm cells. Fluorescence data were recorded by using I.S.S.
(Champaign, IL) Greg 200 fluorometer with excitation at 480
nm, and emission fluorescence was monitored from 500 to 700
nm. Circular dichroism studies were recorded at 20°C on a Jasco
(Easton, MD) J500A spectropolarimeter.

Binding Studies. Daunorubicin and WP900 binding to calf thymus
DNA or [poly(dGdC)]2 was measured by fluorescence titration
by using protocols developed in this laboratory (19). When
required, binding isotherms were fit to Crothers’s allosteric
model (20) by an iterative process as described previously (21).

Dialysis. Samples of [poly(dGdC)]2 were separately equilibrated
to 0.2 M and 3 M NaCl by dialysis and adjusted to a concen-
tration of 100 mM by dilution with the appropriate dialysate.
Under these conditions, [poly(dGdC)]2 retains the B conforma-
tion in 0.2 M NaCl and adopts the Z conformation in 3 M NaCl
buffered solution. One-milliliter volumes of B- or Z-form [poly-
(dGdC)]2 were then dialyzed against a 10-ml solution containing
a 1:1 mixture of daunorubicin and WP900. After 24 h dialysis,
circular dichroism (CD) spectra of the dialysate solutions were
measured to determine the enrichment of particular enantio-
meric forms.

Molecular Modeling. The starting model for daunorubicin was
taken from the literature (22) and was inverted to create the
WP900 enantiomer. Parameterization and partial charges were
obtained from ab initio calculations at the 6–31G* level with the
GAMESS (23) package; the restrained electrostatic potential fit
routine (24, 25) was used. The geometry of the resulting dauno-
rubicin closely resembled the published crystal structure. The
starting models for the right-handed B and left-handed Z forms
of d(CGCGCGCG)2 were created by using the standard con-
formations provided in the MACROMODEL program (26). The
intercalation site (highlighted in bold) for the right-handed form
was built by inserting standard B-form phosphate backbone
intercalation site conformations (22). The Z-DNA intercalation
site was built from the Z form of d(CGCGCGCG)2 by separating
the bases highlighted in bold by 6.8 Å, with reduction of the
helical twist and adjustment of the phosphate backbone angles.
The geometry of the constructed Z-DNA intercalation site was
optimized before docking of the intercalator. Daunorubicin and
WP900 ligand molecules were then inserted into the generated
intercalation sites by superimposing the DNA–daunorubicin
crystal structure. Four models were used for simulations: dauno-
rubicin and WP900 each bound to the B-form intercalation site,
and daunorubicin and WP900 each bound to the corresponding
Z-form intercalation site. The intercalation sites were optimized

by molecular mechanics and dynamics with restraints of 100
kcalz(molzÅ)21 applied to the non-intercalation site bases by
using the implicit solvation within MACROMODEL. The optimal
positioning of each intercalator was determined by a grid search
with translation of 8 3 8 Å and rotation 6 90° (using 1-Å and
15° resolution steps). The resulting structures were used as
starting structures for the explicit solvation calculations.

The model structures were hydrated by using standard AMBER
5.0 (27) rules in a 10-E box of TIP3P waters. Sodium cations for
the B-form complexes were added by using the EDIT placement
routine, and chloride anions were added randomly for charge
neutrality. The Na1 and Cl2 counterions for the Z-form com-
plexes were added randomly to simulate a neutral 3-M aqueous
NaCl solution.

The systems were heated slowly to 300 K and equilibrated
carefully during 50 ps with gradual decrease of restraints on the
DNA and ligand from 100 to 10 kcalz(molzÅ)21. Further 400-ps
and 600-ps periods of restrained molecular dynamics were used
for the B-form and Z-form complexes, respectively, to ensure
complete solvent equilibrium. Molecular dynamics simulations
by using the AMBER-95 force field were performed in the
isothermal isobaric ensemble (P 5 1 atm, T 5 300 K) with the
AMBER 5.0 program (27), using periodic boundary conditions
and the Particle-Mesh-Ewald algorithm. A 2-fs time step was
used with all bond distances frozen by using SHAKE. After
heating and equilibration, molecular dynamics production runs
of 800 ps were used to derive average structures for the com-
plexes taken from 50 snapshots accumulated in the last 50 ps with
subsequent minimization.

Results and Analysis
Structural Selectivity of Daunorubicin and WP900. Fig. 2 shows the
results of dialysis experiments designed to reveal the structural
selectivity of daunorubicin enantiomers. A racemic mixture of
daunorubicin and WP900 was prepared by mixing equimolar
amounts of the pure enantiomers (Fig. 2 A). The racemic mixture
was dialyzed against either B- or Z-form [poly(dGdC)]2, and
circular dichroism was used to monitor the dialysate for enrich-
ment in the enantiomer with poorer affinity for the DNA
conformation contained within the dialysis tube. Under solution
conditions that favor B-form [poly(dGdC)]2, the dialysate was
enriched in WP900 (Fig. 2B, curve a). This result indicates
unambiguously that daunorubicin binds preferentially to right-
handed DNA compared with WP900. In contrast, under solution
conditions that favored Z-form [poly(dGdC)]2, the dialysate was
enriched in daunorubicin, indicating that WP900 binds prefer-
entially to left-handed DNA (Fig. 2B, curve b). Binding of
daunorubicin and WP900 to DNA is both structurally and
chirally selective.

Binding Constants for the Interaction of Daunorubicin and WP900 with
DNA. Table 1 shows the structural selectivity of daunorubicin and
WP900 more quantitatively. Binding constants were measured
by fluorescence titration methods, in which fixed concentrations
of either daunorubicin or WP900 were titrated with increasing
DNA concentrations (see Fig. 5, which is published as supple-
mental data on the PNAS web site, www.pnas.org). In this
protocol, the chemical potential of the drug is not sufficiently
high to allosterically alter the DNA conformation, and binding
constants measure the strength of binding to the particular DNA
form stable under the conditions of the experiment. Table 1
shows that, under identical conditions, daunorubicin binds to
right-handed calf thymus DNA 24-fold more tightly than does
WP900. Similarly, in 0.2-M NaCl solutions that favor the right-
handed form of [poly(dGdC)]2, daunorubicin binding is 21-fold
tighter than WP900. In contrast, in 3-M NaCl, where left-handed
[poly(dGdC)]2 is favored, the WP900 binding constant is 5.0-fold
greater than that measured for daunorubicin. These results

Fig. 1. Structures of (1)-daunorubicin (Left) and (2)-daunorubicin, WP900
(Right).
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quantitatively confirm the qualitative structural selectivity evi-
dent in the results shown in Fig. 2.

Allosteric Conversion of DNA by Daunorubicin and WP900. Dauno-
rubicin is known to allosterically convert Z-DNA to an interca-
lated right-handed form (21). Fig. 3 shows the results of an
experiment designed to qualitatively demonstrate allosteric
binding of daunorubicin and WP900 to DNA. A sample solution
of [poly(dGdC)]2 was equilibrated to 2.25 M NaCl, a salt
concentration near the midpoint of the B–Z transition (21).
Under such conditions, the solution contains a mixed population
of B and Z forms and yields a CD spectrum reflecting that
mixture (Fig. 3, curve a). If daunorubicin is added to that
solution (2 mM final concentration), the CD spectrum changes
to one characteristic of right-handed DNA (Fig. 3, curve b).

Addition of daunorubicin allosterically shifts the B-to-Z equi-
librium to favor the right-handed B-form. In contrast, if WP900
(3 mM) is added to the 2.25-M NaCl [poly(dGdC)]2 solution, the
CD spectrum changes to one characteristic of left-handed Z-
DNA (Fig. 3, curve c). These results show that daunorubicin and
WP900 not only can bind selectively to right- or left-handed
DNA, but also can drive the allosteric conversion of DNA to the
chiral form preferred by each ligand.

Quantitative Analysis of the Cooperative DNA Binding of Daunorubicin
and WP900. Binding isotherms for the interaction of daunorubicin
and WP900 with both B- and Z-form DNA were obtained by
using a titration protocol in which the total DNA concentration
remained constant while the total drug concentration was in-
creased (21) (Figure 6, Supplementary Material). These iso-
therms revealed in some cases pronounced positive cooperativity
that was interpreted as arising from the coupling of binding to
a conformational transition of the polynucleotide to the higher
affinity form (20, 21). First, daunorubicin bound to B-form
[poly(dGdC)]2 in 2.1 M NaCl with no apparent positive coop-
erativity (Fig. 6A, Supplemental Material). Data were fit to a
simple neighbor-exclusion model (28, 29) to yield a binding
constant of 9.0 3 105 M21 and a neighbor exclusion parameter
of 2.3 (Table 3, Supplementary Materials). In contrast, dauno-
rubicin bound to Z-form [poly(dGdC)]2 in 3.0 M NaCl with clear
positive cooperativity (Fig. 6A, Supplementary Material). These
data were analyzed by using Crothers’ allosteric binding model
(20), yielding the fitted parameters listed in Table 2. The most
important conclusion derived from the quantitative data in
Table 2 was that daunorubicin strongly prefers binding to the

Fig. 2. CD spectra of daunorubicin and WP900 solutions. (A) Curve a,
daunorubicin; curve c, WP900; curve b, a 1:1 molar ratio mixture of daunoru-
bicin and WP900. (B) Curve a, CD spectrum of the dialysate after dialysis of the
racemic mixture against B-form [poly(dGdC)]2 in 0.2 M NaCl. The dialysate is
enriched in WP900, indicating preferential binding of daunorubicin to the
right-handed DNA. Curve b, CD spectrum of the dialysate after dialysis of the
racemic mixture against Z-form [poly(dGdC)]2 in 3.0 M NaCl. The dialysate is
enriched in daunorubicin, indicating preferential binding of WP900 to the
left-handed DNA. Details of the competition dialysis procedure are described
in Materials and Methods.

Table 1. Binding constants for the interactions of
(1)-daunorubicin or (2)-daunorubicin (WP900) with B- and
Z-form DNA

DNA [Na1], M

Ky104 M21

Daunorubicin WP900

Calf thymus DNA 0.2 19.6 6 3.0 0.8 6 0.1
B-form [poly(dGdC)]2 0.2 25.7 6 2.0 1.2 6 0.3
Z-form [poly(dGdC)]2 3.0 0.2 6 0.1 1.0 6 0.2

Fig. 3. CD spectra of [poly(dGdC)]2 at 100 mM (bp) in buffered aqueous
solution containing 2.25 M NaCl. Curve a, the DNA alone, showing a spectrum
characteristic of a mixture of B- and Z-form conformations. Curve b, the DNA
with daunorubicin added to a final concentration of 2 mM. The molar ratio of
drug:bp is 0.02. The resultant spectrum is characteristic of right-handed DNA.
Curve c, the DNA with WP900 added to a final concentration of 3 mM. The
molar ratio of drug:bp is 0.03. The resultant spectrum is characteristic of
left-handed DNA.

12034 u www.pnas.org Qu et al.



right-handed form of [poly(dGdC)]2, and allosterically converts
the initial Z-form to the more favorable right-handed confor-
mation. The ratio of daunorubicin binding constants for the B-
and Z-forms is 44 (Table 2), and it is this difference in binding
affinity that drives the allosteric conversion.

The binding behavior is completely reversed for the enantio-
mer WP900. In contrast to the noncooperative binding observed
for interaction of daunorubicin with B-form [poly(dGdC)]2 in 2.1
M NaCl, WP900 binds with pronounced positive cooperativity
under the same conditions (Fig. 6B, Supplementary Material).
Fits to the allosteric binding model yielded the parameters listed
in Table 2. In this case, WP900 facilitates the B-to-Z transition
in the lower NaCl concentration that would otherwise favor the
right-handed polynucleotide conformation. The ratio of WP900
binding constants to the Z- and B-form is 5.2, and this affinity
difference drives the allosteric conversion of the polynucleotide.
Finally, WP900 binds to Z-form [poly(dGdC)]2 in 3.0 M NaCl
with no apparent positive cooperativity (Fig. 6B, Supplementary
Material). These data were fit to a simple neighbor-exclusion
model to yield a binding constant of 0.66 3 105 M21 and a
neighbor exclusion parameter of 1.7 (Table 3, Supplementary
Materials).

The quantitative analyses of these binding data are fully
consistent with the qualitative behavior shown in Fig. 3. The
important conclusion from these studies is that both daunoru-
bicin and WP900 not only can selectively recognize right- and
left-handed DNA, respectively, but they both also can act as
allosteric effectors to drive a DNA conformational transition to
the forms that bind each ligand with higher affinity.

Structural Basis of Selectivity. The strong preference of daunoru-
bicin for right-handed, B-form DNA is thought to arise from the
precise fit of the daunosamine moiety into the minor groove (21).
High-resolution crystal structures of daunorubicin complexed to
DNA show that the angle of the daunosamine relative to the
intercalated chromophore is such that it aligns with the minor
groove, allowing a favorable stereochemical fit (22). Because
there are no crystal structures of WP900 bound to Z-DNA,
computer simulations by using molecular dynamics were used to
build a reasonable model of the complex. Fig. 4 shows WP900

intercalated into left-handed DNA. The model in Fig. 4 is
energetically and stereochemically feasible and provides a de-
tailed view of a left-handed DNA intercalation complex. Sim-
ulations of all possible combinations of daunorubicin enanti-
omers and DNA forms yielded only two stable complexes, one
with daunorubicin bound to B-form DNA and another with
WP900 bound to Z-form DNA. The B-form DNA–WP900
and Z-form DNA–daunorubicin complexes were not stable
and resulted in disruption of duplex stability and loss of inter-
calation. The instability of these complexes may contribute to the
allosteric effect by facilitating conformational changes in the
duplex backbone. The simulated B-form DNA–daunorubicin
complex (not shown) resembles the published crystal structure
(22). The Z-form DNA–WP900 complex (Fig. 4) shows that the
AMBER-95 force field is able to reproduce the left-handed
DNA, as the structure is conserved under the salt conditions
used, and that the intercalation complex is stable. The models
reproduce the experimental observations of WP900 preferen-
tially binding to Z-form DNA and daunorubicin preferentially
binding to B-form DNA. The preference of WP900 for Z-form
DNA arises from the orientation and shape complementarity of
the D-daunosamine with the minor groove. In contrast, the
L-daunosamine group of daunorubicin has steric clashes with the
minor groove and backbone of Z-DNA, which causes a positional
change of the intercalated chromophore that decreases the
overall integrity of the binding site. Analogous effects are
observed for WP900 and the disfavored B-form DNA. We
emphasize that the allosteric conversions of the B- to the Z-form

Table 2. Summary of the parameters describing the allosteric
binding of (1)-daunorubicin and (2)-daunorubicin (WP900) to
[poly(dGdC)]2 under ionic conditions favorable to either the
Z- or B-DNA conformation

Parameter*
Daunorubicin†

Z3 B
WP900‡

B3 Z

s 0.001 0.01
s 0.635 0.92
K1 0.8 3 104 1.5 3 104

K2 3.5 3 105 7.8 3 104

K2yK1 44 5.2

*The parameter, s, is the nucleation parameter for the conversion of a base
pair within a stretch of Z (or B) helix to the B (or Z) conformation; s is the
equilibrium constant for the conversion of a base pair at a pre-existing B-Z
interface from the Z (or B) to the B (or Z) conformation; and K1 is the binding
constant for the interaction of a drug molecule with an isolated site in the
form-1 conformation; K2 is the binding constant for the interaction of a drug
molecule with an isolated site in the form-2 conformation.

†Daunorubicin binding to [poly(dGdC)]2 in buffered 3.0 M NaCl solution.
Titration experiments were carried out using the same conditions described
in supplementary Table 3. In this case, K1 refers to binding to the initial Z-form
DNA, whereas K2 refers to binding to the preferred B-form DNA.

‡WP900 binding to [poly(dGdC)]2 in buffered 2.1 M NaCl solution. Titration
experiments were carried out using the same conditions described in supple-
mentary Table 3. In this case, K1 refers to binding to the initial B-form DNA,
whereas K2 refers to binding to the preferred Z-form DNA.

Fig. 4. Energy-minimized average model of the left-handed Z-DNA–WP900
intercalation complex formed with the d(CGCGCGCG)2 duplex (see text).
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or of the Z- to the B-form were not observed in our simulations,
even in runs up to 5 ns. Because the experimental time scale for
these allosteric conversions is on the order of minutes, we would
in fact not expect to see such behavior in the time scales used in
our simulations. (Plots of the trajectories of bond angles in the
residues within Z DNA intercalation site are provided in Sup-
plementary Materials, Figs. 7–10).

Discussion
We report here biophysical studies of the binding interactions of
daunorubicin and its (2)-enantiomer WP900 with DNA. The
results provide a striking example of chiral-selective recognition
of DNA. WP900 binds to DNA with unique structural selectivity
and strongly prefers left-handed DNA to the normal right-
handed B-form, in contrast to daunorubicin, for which the
pattern of selectivity is reversed. Molecular dynamics simula-
tions show that intercalation into left-handed Z-DNA represents
a plausible mode of WP900 binding.

Earlier detailed studies of the highly cooperative binding of
common intercalators to left-handed Z-DNA revealed that these
compounds strongly prefer the right-handed duplex conforma-
tion. Ethidium and actinomycin D bind 300-fold and 1000-fold
more tightly to B- rather than Z-DNA, respectively (30, 31),
whereas daunorubicin binds 30-fold more tightly to the B-form
DNA (21). These early studies provided the first indications of
a structural selectivity for intercalator ligands. Because there
were no enantiomers available at the time for these compounds,
it was not possible to study their selectivity toward Z-DNA, a
situation that has been remedied with the synthesis of WP900.

Part of the initial excitement over chiral metal complexes was
their potential to discriminate between right- and left-handed
DNA (12, 13). One of the earliest compounds that emerged from
the Barton laboratory was Tris-(phenanthroline)Ru(II). The
chiral selectivity of this compound was admitted to be weak (12,
13), at best, and more quantitative studies later revealed that
there in fact was no appreciable stereoselective DNA binding of
the isomers of Tris-(phenanthroline)Ru(II) (32, 33). Enanti-
omers of Tris-(4,7 diphenylphenanthroline)Ru(II) showed ap-
parently improved selectivity (34). It was reported that the
D-enantiomer bound selectively to B-DNA, whereas the affinity
of the L-enantiomer for B-DNA was negligible. However both
the D and L isomers bound to Z-form DNA with comparable
affinity. The enantiomers of Tris-(4,7 diphenylphenanthroline)-
Ru(II) could thus potentially probe for B-type DNA, but could
only indirectly probe for the Z form. The behavior reported here
for the anthracycline enantiomers stands in sharp contrast to this
earlier work. In the present case, the binding to B- and Z-DNA
by daunorubicin and WP900 is mutually complementary.
Daunorubicin binds well to B-DNA but not to Z-DNA, whereas
WP900 binds selectively to Z-DNA over B-DNA. In each case,
enantiomer selectivity is sufficiently strong to drive the allosteric
conversion of DNA to the preferred conformation. Whereas
certain chiral metal complexes convert Z-DNA to the B form
(32), none were ever reported to convert B-DNA to the Z form,
as does WP900. The failure of any of the chiral metal complexes
to convert right-handed DNA to a left-handed form is a conse-
quence of their relatively poor structural selectivity for the Z
conformation. Chiral metal complexes have failed to become
widespread or reliable probes of DNA conformation despite
their early promise. A comprehensive and critical review of the
DNA binding of chiral metal complexes (15) documented am-
biguities in their structural selectivity and concluded in part that
metal complexes may recognize sites that are easily distorted
rather than recognizing unusual structures per se.

Our data show clearly that WP900 binds preferentially to
left-handed Z-DNA, although we caution that we cannot yet
identify its binding mode with certainty. Determination of the
binding mode is a difficult task in the absence of high-resolution

structural data (35). Hydrodynamic methods (viscosity, sedi-
mentation) that are normally used as criteria for the binding
mode are difficult to apply to Z-DNA because of the high-salt
solutions required to maintain the structure, and because of a
poorly defined theoretical basis for interpreting data for the
Z-DNA geometry. Intercalation of WP900 into Z-DNA is the
likely binding mode, a supposition that is supported by our
computer simulations by using molecular dynamics (Fig. 4),
where a stereochemically reasonable WP900-Z-DNA intercala-
tion complex can be formed. Because the same methods accu-
rately reproduce the structure of the B-DNA–daunorubicin
intercalation complex, for which high-resolution x-ray data are
available, the model derived from molecular dynamics is plau-
sible. We note that a variety of computer simulations have
previously been performed in attempts to obtain models for a
Z-DNA intercalation complex (36, 37). The methods used in our
studies are decided improvements over these earlier attempts for
several reasons. First, a greatly improved AMBER force field with
the Particle-Mesh Ewald summation method has been used.
Second, our simulations include both solvent and ions, whereas
earlier studies modeled structures in vacuo. Finally, reliable
high-resolution structural data for our system were available as
starting models for at least the B family of structures used in our
simulations. The average structure obtained from the molecular
dynamics simulation for the daunorubicin-B-DNA intercalation
complex is consistent with and essentially reproduces existing
structural data (22). The Z-DNA simulations are similarly in
close agreement with existing structural data for Z-DNA for the
nonintercalated region of the complex. No structural data exist
for a Z-DNA intercalation complex. Page limitations prohibit a
detailed description of all of the results from dynamic DNA–
ligand simulations that were conducted; full details of the
extensive studies will be described elsewhere.

Z-DNA is not a mirror image structure of B-DNA, so we do
not expect exact symmetry in the magnitudes of the binding
constants for daunorubicin and WP900 shown in Table 1, as is
in fact the case. It is also necessary to consider difference in salt
concentrations when considering the binding constants pre-
sented in Tables 1 and 2. For example, at first glance, the binding
constants for the interactions of WP900 with B- and Z-form
[poly (dGdC)]2 appear to be similar. But the binding constants
refer to 0.2 and 3.0 M NaCl, and direct comparison requires
correction for the well-known salt dependence of the binding
constant for charged intercalators. Determination of the binding
constants for the two DNA conformations is a feature of the
allosteric model, and the ratio of the binding constants K2yK1
shown in Table 2 provides a direct measure of the relative
binding affinities for B- and Z-DNA under the same solution
conditions.

The biological function of Z-DNA remains poorly defined but
is an area of active research (38–41). What is clear at this point
is that sequences with Z-forming potential are nonrandomly
distributed throughout the human genome, and that there are
certain eukaryotic proteins that bind specifically to Z-DNA
(42–44). Z-DNA forms in the wake of RNA polymerase as it
transcribes DNA (45). The most thoroughly characterized Z-
DNA binding protein to date is the RNA-editing enzyme
double-stranded RNA adenosine deaminase (46–50), whose
Z-DNA binding activity may serve to localize it to transcrip-
tionally active regions of the genome where it may then exercise
its RNA editing function (39). Z-DNA has been demonstrated
to be present in the transcriptional regulatory regions of the
c-myc gene (41). Whereas our intent in these fundamental
studies was to study basic aspects of DNA molecular recognition,
WP900 could prove to be useful as a probe of Z-DNA regions
in the genome, or as an inhibitor of as yet unidentified biological
functions that may depend on Z-DNA. Preliminary cytotoxicity
studies show that WP900 is indeed biologically active. In vitro
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cytotoxicity was measured by using human carcinoma cell lines
KB3.1 (sensitive) and KB-V1 (multidrug resistant). The ID50
values by using the KB3.1 sensitive cell line were 8.3 (6 3.0) and
0.4 (60.1) mM for WP900 and doxorubicin, respectively. The
ID50 values by using the KB-V1 multidrug resistant cell line were
19 (6 9) and .100 mM for WP900 and doxorubicin, respectively.
WP900 is not as cytotoxic against sensitive cells as is doxorubicin,
but is far more active against multidrug-resistant cells. These
preliminary data suggest that WP900 may act by a mechanism
distinct from the topoisomerase II inhibition normally attributed

to the anthracyclines. More detailed biological studies to clarify
WP900’s mechanism of action are clearly needed.
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